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INTRODUCTION

Granitic pegmatites, especially rare-element varieties, at-
tract much attention as a source of gemstones and rare-metal
ores (e.g., Ta, Be, and Cs). Such pegmatites are among the
most compositionally complex igneous rocks and show extreme
enrichment in a broad range of elements including volatiles
and fluxes. Classical theories of pegmatite formation (e.g., Jahns
and Burnham 1969) emphasize the importance of volatiles (pri-
marily H2O) and state that granitic pegmatites crystallize from
coexisting aluminosilicate melt and hydrous fluid. Other mod-
els downplay the role of a separate fluid phase and suggest that
aluminosilicate melts can produce highly evolved pegmatitic
liquids via continuous crystallization under particular kinetic
conditions (London 1986, 1992, 1999).

The topology of salt-water systems, such as NaCl-H2O
(Sourirajan and Kennedy 1962), shows that over a wide range
of P-T-X conditions, fluid separates into a low-salinity vapor
and a high-salinity liquid (brine). If such a two-phase field ex-
tends to temperatures exceeding the silicate solidus, and if the
vapor and the brine do not dissolve completely in silicate melt,
a three-fluid equilibrium (melt + brine + vapor) is reached
(Bodnar et al. 1985; Shmulovich and Churakov 1998). The
expected range of P and T for the three-phase equilibrium is
well within that of natural pegmatite magmas (0.1–0.3 GPa,
500–700 ∞C) and the coexistence of three fluids is most likely
for shallow-level, B-, F-, and P-rich pegmatites. Natural occur-
rences of three contrasting types of melts and fluids have been

observed as inclusions in quartz and other minerals from gra-
nitic pegmatites worldwide (Roedder 1992). These observations
led to a suggestion that late stages of magma evolution in the
pegmatite system involve three immiscible fluids: aluminosili-
cate melt, hydrous fluid, and hydrosaline melt (or concentrated
brine). However, experiments in related synthetic systems have
never shown more than two fluids (London 1992), and it has
been argued that the three types of inclusions represent con-
secutive, rather than coexisting fluids. Here we present the first
conclusive evidence of the three-phase fluid equilibrium in a
synthetic silicic system similar in bulk composition to the most
flux-rich pegmatite magmas. In our experiments, three-fluid
immiscibility is achieved at concentrations of B, P, and F in
aluminosilicate melt similar to those reached in natural peg-
matitic melts. Our results support the inference of immiscibil-
ity from inclusion studies, and encourage rethinking some of
the classical concepts of pegmatite genesis as well as the na-
ture of magmatic fluid-melt equilibria in general.

EXPERIMENTAL METHODS AND RESULTS

Starting composition

A starting glass with the bulk composition (in wt%): SiO2 =
58.7, Al2O3 = 16.5, B2O3 = 5.0, Na2O = 2.9, K2O = 3.7 Rb2O =
1.1, Cs2O = 1.0, Li2O = 0.5, P2O5 = 4.2, F 4.6, and H2O = 1.5 was
synthesized from reagent-grade chemicals in cold-seal pressure
vessel at 900 ∞C and 2 GPa. The glass is strongly peraluminous,
with the molar Al2O3 / (Li2O + Na2O + K2O + Rb2O + Cs2O) =
1.46, and models the most-enriched compositions of melt inclu-
sions found in pegmatite quartz (Thomas et al. 2000).* E-mail: veksler@gfz-potsdam.de
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Analytical methods

Major elements in run products (except B and Li) were ana-
lyzed with a Cameca SX-100 electron microprobe in WDS
mode at 10 nA beam current and accelerating voltage of 15 kV.
Glasses were analyzed with a broad beam (beam size of 20–40
mm). Boron was analyzed with a Cameca SX-50 microprobe,
equipped with the PC2 pseudo-crystal for light elements, at
counting time of 300 s, 10 kV, and 40 nA using an anti-con-
tamination cold trap cooled by liquid nitrogen. Confocal Raman
spectroscopy was carried out using a Dilor XY Laser Raman
Triple 800 mm spectrometer and an Olympus optical micro-
scope (see Thomas 2001, 2002 for the details).

In situ studies in hydrothermal diamond cell

The first crucial evidence for 3-fluid equilibrium was ob-
tained from observations in a hydrothermal diamond-anvil cell
(HDAC, Bassett et al. 1993), which allows direct visual obser-
vation of phase transitions and in situ Raman spectroscopy at
elevated P and T. Anvils of our cell were 0.9 mm in diameter
and made of ultra-low fluorescence, type Ia diamond. We used
a Re gasket with uncompressed thickness of 125 mm and a
sample chamber of 0.4 mm in diameter. In the HDAC experi-
ments, homogeneous synthetic glass and spectroscopic grade
water were loaded into the sample chamber. Some water was
allowed to leak out of the chamber before sealing so that it
contained a vapor bubble. Because the volume of the sample
chamber remained essentially constant during heating runs, the
pressure was estimated from the temperature at which the va-
por bubble disappeared using the equation of state of pure water.
The effect of dissolved components such as H3BO3 on water
isochores was ignored due to the lack of appropriate data.

The first visible changes during heating were disappearance
of the vapor bubble at 310–350 ∞C and devitrification and melt-
ing of the glass (starting respectively at about 350 and 500 ∞C).
Visual observations and Raman spectra (see below) suggested
that the glass transition temperature, Tg, was reached at about
350–400 ∞C. Movement of the melt droplet at temperatures
above 450 ∞C indicated that the viscosity of the melt was low.
Further heating caused melting of crystals immersed in the melt
and mutual dissolution and equilibration of melt and fluid. From
800 ∞C to the maximum P-T conditions reached in our runs
(840 ∞C and roughly 0.4 GPa), the sample appeared to repre-
sent simple two-phase silicate melt-hydrous fluid equilibrium.

Hydrosaline melt became apparent during subsequent cool-
ing when droplets nucleated and grew inside aluminosilicate
liquid as illustrated in Figure 1. We believe that the hydrosaline
phase was present earlier during the heating because, as de-
scribed below, it tends to form thin films on surfaces and can
be almost invisible. During further cooling, mutual solubility
of the three fluid phases noticeably decreased and the globules
grew in size. Crystallization started around 800 ∞C and pro-
ceeded in the presence of three fluid phases until the alumino-
silicate solidus was reached at about 450 ∞C. The described
sequence of phase transitions was reproduced with the same
charge in repeated heating-cooling cycles and, therefore, we
believe that significant deviations from equilibrium are unlikely.

Raman spectra obtained during HDAC experiments focused
on the distribution and speciation of B. This element is moder-

ately incompatible with the structure of aluminosilicate melts
and has a strong affinity to hydrous fluids. The high concentra-
tions of B in our charges are likely to be among the main driv-
ing forces for fluid unmixing and the formation of hydrosaline
liquid. Of the three fluid phases, only aluminosilicate melt and
hydrous fluid were large enough to obtain unambiguous single-
phase spectra. The intensities of B bands suggest high B con-
centrations in both phases. All B in the fluid phase was in
trigonal planar B(OH)3 groups, while speciation in the melt was
more complex (see Fig. 2 for more details).

Dynamic and static runs in cold-seal pressure vessels

To obtain larger samples for chemical study required syn-
thesis in rapid-quench, cold-seal pressure vessels. The main
experimental difficulty here is that neither the hydrosaline melt
nor hydrous fluid are quenchable, even at cooling rates of hun-
dreds of degrees per second. However, we discovered that these
phases can be preserved in run products if they form globules
or bubbles enclosed in aluminosilicate glass. This condition
was achieved by means of short-duration, dynamic runs simi-
lar in principle to the isochoric HDAC experiments.

FIGURE 1. Photomicrograph (a) and explanatory sketch (b) of a
plan view into the sample chamber of HDAC during slow cooling from
830 to 810 ∞C and ~0.4 GPa. Globules of hydrosaline melt and fluid
bubbles nucleated and grew inside aluminosilicate melt while beads of
the aluminosilicate melt precipitated from the hydrous fluid implying
close approach to thermodynamic equilibrium. The diameter of the
sample chamber is 0.4 mm.
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Figure 3 shows an example of hydrosaline globules synthe-
sized in this way. The globules were too unstable for electron
microprobe analysis, but key chemical features were revealed
using Raman spectroscopy. Raman spectra of the globules and
the host glass showed a broad asymmetric band in the 490 cm–1

region, assigned to oxygen vibrations in the aluminosilicate net-
work, bands assigned to B(OH)3 (at about 500 and 880 cm–1),
and AlPO4 complexes (at 1100 cm–1, Mysen 1998). In addition,
the hydrosaline globules revealed traces of tetrafluoroborate
BF4

1– (a band at about 776 cm–1, Lutz et al. 1996) and BPO4

units (weak bands at 540 and 635 cm–1, Adamczyk and Handke
2000). The intensity of the main B(OH)3 band at 880 cm–1 was
much higher in the globules than in the host glass, and from
these intensities B2O3 concentrations were estimated (Thomas
2002) to be 6.8 wt% in the globules and 3.1 wt% in the sur-
rounding glass. In the high-frequency region, the difference in
the shape and intensity of the broad 3000–4000 cm–1 band is
very similar to that observed previously in two different types

of natural melt inclusions hosted in pegmatite quartz (Thomas
et al. 2000). Estimations of bulk H2O content based on the 3000–
4000 cm–1 band intensity (Thomas 2000) are 11 wt% in the
host glass and up to 43 wt% in the hydrosaline globules. Al-
though speciation in the quenched globules at room tempera-
ture may not fully represent species in the original hydrosaline
melt at elevated P and T, the abundant B(OH)3 and BF4

1– and
other details correspond well with the in situ spectra obtained
in HDAC experiments.

Finally, using conventional long-duration static runs at lower
temperatures, we obtained pools of quenched hydrosaline melt
large and solid enough for electron microprobe analyses (Fig.
4). Hydrosaline melt was preserved as surface films on pre-
cipitating crystals and interstitial fillings in glass-crystal ag-
gregates. Determination of its bulk composition is hampered
by the extreme heterogeneity of such pools due to secondary,
quench segregation of hydrosaline melt into at least two differ-
ent glasses and a number of crystalline solids. Therefore, one
should treat the analyses of hydrosaline pools and globules as
approximate estimations. According to the average of broad-
beam (30–40 mm) analyses, the solid part of hydrosaline melt
contains (in wt%): SiO2 = 23.2, Al2O3 = 21.4, B2O3 = 15.6,
Na2O = 5.1, K2O = 2.4, Rb2O = 1.1, Cs2O = 1.0, P2O5 = 2.6, F =
17.5, the remaining 18% being mostly H2O and minor Li2O.
These results demonstrate that the hydrosaline melt is strongly
enriched in F and B (more than 3 times that of the aluminosili-
cate glass) and effectively fractionates Na from K (the molar
Na/K = 3.2 in the hydrosaline melt vs. 1.4 in the aluminosili-
cate glass). Decoupling of alkalis is likely to result from differ-
ent affinities of Na and K to alumionfluoride species
(Gramenitskiy and Shchekina 1994).

DISCUSSION

One of the key open questions concerning the genesis of
granitic pegmatites is whether they are formed from a single
homogenous parental liquid (London 1999), or from a mixture
of genetically related fluid phases (Roedder 1992; Jahns and

FIGURE 2. Speciation of B according to in situ Raman studies in
the HDAC. (a) A typical Raman spectrum of the melt at 600 ∞C showing
bands assigned to B(OH)3 and BF4

1– species. The latter band is absent
in the fluid phase and very weak in aluminosilicate glass below the
glass transition temperature (Tg). (b) With rising T, the band assigned
to B(OH)3 shifts to higher frequencies. The shift is almost linear in the
fluid (open circles and dashed line), but in the melt (gray circles and
solid curve) it shows an inflection at Tg.

FIGURE 3. A globule of hydrosaline immiscible melt in
aluminosilicate glass. The globules were synthesized in rapid-quench
cold-seal pressure vessels by isochoric cooling from 900 ∞C and 0.2
GPa at 10 ∞C/min. Hydrosaline melt quenches to amorphous gel
containing a shrinkage bubble with double meniscus. The gel-like
amorphous material in the globules is very unstable and starts to exsolve
daughter sassolite (H3BO3) crystals within a few hours after the quench.
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Burnham 1969). Our study strongly suggests that there may be
in fact as many as three coexisting fluids involved in pegmatite
formation, but the chemical and thermodynamic limits on the
three-fluid equilibrium still have to be established. Recently,
Sowerby and Keppler (2002) observed complete miscibility
between aluminosilicate melt and hydrous fluid at 0.5 GPa and
595 ∞C in HDAC experiments with B- and F-rich peralkaline
synthetic pegmatite. Thus, the position of the critical curve in
P-T space appears to be strongly affected by bulk chemistry of
the system and especially by the ratio of alumina to alkalis.

Implications of the hydrosaline melt for pegmatites are pro-
found. The observed wetting properties of hydrosaline melt
make it very mobile in magmatic systems at the final stages of
crystallization, and this property may explain why hydrosaline
inclusions are so abundant in pegmatite minerals. This melt is
an effective flux for crystal growth and may account for many
characteristic features of miarolitic and rare-element pegmatites,
such as giant size and perfect shapes of crystals in pegmatite
cores, diverse mineralogy, and strong local enrichment in rare
elements.

Spectacular local variations in the sizes and proportion of
main rock-forming minerals and extensive chemical zoning are
typical for pegmatites. Many of these features, especially at a
scale of individual crystals, may result from disequilibrium
crystallization and boundary layer effects (London 1992, 1999).
But at a scale relevant to whole pegmatitic bodies, fluid im-
miscibility and gravitational phase separation, enhanced by
wetting properties and the low viscosity of flux-rich pegmati-
tic fluids, should provide much more effective means of chemi-

cal differentiation. For example, London (1992) pointed out
that curved shapes of aplite bodies and their sharp contacts with
massive quartz in Tanco pegmatite (Manitoba), resembled in-
terfaces between two immiscible fluids. In light of new experi-
mental evidence presented here, this resemblance may indeed
reflect the percolation of aluminosilicate and hydrosaline melts,
both of which should contain, at such a late stage of pegmatite
evolution, significant proportions of crystals.

Three-fluid equilibria in high-temperature inorganic systems
are not uncommon and natural occurrences are not restricted
to granitic pegmatites. Formation of chloride hydrosailne melts
has been demonstrated experimentally (Koster van Groos and
Wyllie 1969; Shinohara et al. 1989) and simultaneous exsolution
of the brine and dilute aqueous vapor is likely to be common in
rhyolites and shallow-level granitic intrusions (Shinohara 1994).
The presence of Cl is likely to increase miscibility gaps be-
tween the three fluids. Immiscible silicate and carbonate melts
accompanied by CO2 vapor provide another geologically rel-
evant example of three-fluid immiscibility (Koster van Groos
and Wyllie 1966) and high-salinity inclusions are very com-
mon in carbonatites, especially in apatite (e.g., Andersen 1986).
Recent studies of fluid inclusions have led to a growing recog-
nition of the importance of high-temperature brine-vapor phase
separation for magmatic ore deposits, such as skarns, Cu-por-
phyry, and Sn-W ores (Heinrich et al. 1999; Fulignati et al.
2001; Kamenetsky et al. 1999). Because hydrosaline melts are
hard to detect in run products, we suggest that many classical
silicate-salt-H2O systems should be re-examined. Also, the
possibility of a second immiscible and unquenchable fluid phase
should be kept in mind during experimental studies of fluid-
melt element partitioning. The importance of hydrosaline melts
in nature may extend far beyond the cases of extremely evolved
igneous rocks examined here to large-scale melt-fluid interac-
tions, e.g., mantle metasomatism and melting in subduction
zones.
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